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Abstract
Soil organic carbon (SOC) accounts for 70% of the carbon on Earth. It is therefore a key
player in global carbon cycling and climate change (Smith et al., 2008). Soil organic matter (SOM)
is an important component of organic matter in soils (SOC), and results from biogeochemical
process involving net primary producers, soil biomass and soil mineralogy (Horwath and
Kuzyakov, 2018). In this study, the interplay between soil bacterial biomass and reactive clay
minerals in soils was investigated. The purpose of the research was to shed light into the
stabilization of SOC in a bacterial biomass-soil/clay matrix. Soils characterized as Inceptisol and
Oxisols were inoculated with two biofilm forming soil bacteria; Streptomyces griseosporeus, a
Gram positive bacteria and Pseudomonas syringae, a Gram negative bacteria. To better understand
the effect of specific minerals, a Ca-montmorillonite (Ca-MMT) clay was also inoculated the Gram
negative bacteria. The interactions within the bacteria-soil/clay matrix was analyzed using Fouriertransform infrared spectroscopy (FTIR). Through FTIR analysis we were able to confidently
identify areas of bacteria biomass-mineral interactions. The spectra revealed high bacterial activity
within the range of 1400 – 1800 cm-1. The results suggested production of polysaccharide nutrient
storages, proteins and other compounds as well as hinted at the possibility of exfoliation and
changes in adsorbed water on the clay minerals.
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1. Introduction
Soil organic carbon (SOC), a main component of soil organic matter (SOM), is part of the
larger global carbon cycle and of growing interest as it relates to bacteria biomass-mineral
interactions. SOC pools found within the first meter of soils can hold more carbon than that of the
atmosphere and terrestrial vegetation combined (Food and Agriculture Organization of the United
Nations (FAO-UN) 2017, ITPS 2015). The dynamics and stabilization of organic carbon in soils
may be investigated by through bacterial biofilm and biomass interactions with minerals in the
soil. Biofilm forming bacteria are highly adaptable organisms. As a result, they are able to produce
unique extracellular compounds that aids their survival in specific environments. These
compounds serve as nutrient storages, structural support for growing biofilm and biomass, and in
some species, antibiotics. The extracellular compounds strengthen and add stability to the overall
bacteria biomass. In soils, the bacterial biomass will interact with the surrounding minerals. Clay
minerals are an important component of soils as they act as both sinks and sources of nutrients
within that environment. This study was conducted to understand the bacteria biomass-mineral
interactions in order to shed light on the stabilization of organic carbon in soils.

2. Background
2.1 Soil Carbon Models
To understand the dynamics of organic carbon in soils, a closer look in soil organic matter
(SOM) is first needed. Emerging views on the stabilization of SOM has been leaning towards
distinguishing between labile and stable organic matter, and diving deeper into bacterial-mineral
interactions (Cotrufo et al., 2013; Lehmann and Kleber, 2015; Mikutta et al., 2019).
In a study, by Lehmann et al. (2015) the nature of soil organic matter was investigated.
Traditional and current views on the fate of organic debris in soils were modelled in relation to
soil carbon (Figure 1). In the selective preservation model, the effect of stable and unstable soil
organic matter was considered with hardier plant debris such as lignin being categorized as stable.

9

Figure 1: Current conceptual models for the fate of organic debris, Lehmann et al., (2015)

10

In all perspectives, microbial activity was directly associated with assimilable biopolymers.
Lehmann and his team created a consolidated conceptual soil carbon model, the soil continuum
model, based on the various competing views (Figure 2). Of note in this model is the recognition
of increasing access to mineral surfaces and the potential for adsorption with progressively smaller
organic compounds.

Figure 2: Soil continuum model, a consolidated conceptual model for the fate of organic debris, Lehmann et al.,
(2015)
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In a microbial efficiency-matrix stabilization (MEMS) framework study published in 2013,
Cotrufo et al. also considered the effect of stable and unstable soil organic matter. Cotrufo
suggested that soil organic matter can be divided into two components; particulate organic matter
(POM) and mineral-associated organic matter (MOM). The team defined POM as the lightweight
compounds from decaying debris from plants and fungi. These compounds have little protection
against decomposition and, thus, a shorter residence time in soils. POMs, therefore, would result
in faster carbon cycling but temporary carbon stabilization in the soils (Figure 3).

Figure 3: Particulate and mineral-associated organic matter in soils, Cotrufo et al., (2013)

Mineral-associated organic matter, on the other hand, were classified as the mineral bound
byproducts from microbial decomposition. These byproducts are a major part of bacterial biomass.
According to the Cotrufo study, carbon cycling is much slower in MOMs as these substances are
more recalcitrant and can persist in the soil for centuries. With reference to the soil continuum
model, it may be reasonable to suggest that the bacterial biomass interaction in association with
small biopolymers and soil minerals may be worth investigating.
12

2.2 Soil Orders: Inceptisols and Oxisols
Soil environments vary with temperature, moisture, pH, aeration, organic matter, inorganic
nutrients and the parent rocks. Soil orders are a way of categorizing soils, where each order is
defined by a single characteristic dominant in the soil at a given location. In this project, soil orders
belonging to Inceptisol and Oxisol were selected.
Inceptisols are young soils with poorly developed subsurface horizons. They are widely
distributed and may be found in a diverse range ecological environments, making up 15% of the
soils globally (USDA, 2010). Inceptisols can often be found along steep slopes and associated with
more weather-resistant minerals and parent rock material. This may result in cambic soil horizons
where only minimal eluvial and illuvial materials such as iron, aluminum and soluble salts, are
present (Bockheim, 2014). Soil texture can be clayey or loamy. In humid environments, saturated
conditions may result in redoximorphic color patterns of red and grey within the soil profile
(NCRS, 2002) (Figure 4).
Oxisols are more highly weathered soils found mainly in intertropical regions of the world.
They constitute about 8% of the world’s soils. Oxisols are rich in iron and aluminum oxides, and
kaolinite clays, but low in nutrient retention. The latter is due to the high temperature and rainfall
in the tropics as well as a low cation exchange capacity of the clays in the soil. These soils typically
exhibit yellow or reddish hues (Figure 4) as a result of high amounts of iron and aluminum oxides
in the soil (NCRS, 2002; USDA, 2010).

Figure 4: Typical Inceptisol (left) and Oxisol (right) soil profiles (USDA 12 Orders of Soil Taxonomy)(USDA, 2010)
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Soils of Puerto Rico
The Inceptisol and Oxisol samples were obtained from the Tabonuco Tropical Forest in
Puerto Rico. The composition of the soils included soil series complexes. Soil series refers to the
most specific classification of soil in soil taxonomy. It refers to soils that share similar profiles
having derived from akin parent material and developed under conditions (vegetative and climatic)
that may be comparable (Ditzler and Hempel, 2016). This information provides insight into the
physical characteristics of the soil and the environmental conditions they reside, both of which can
impact SOM dynamics and govern microbial interactions in the soil.

Table 1: Examples of soil series complexes of Puerto Rican Inceptisol and Oxisol (UC Davis soil
web, USDA soil series database)
Soil Series
Cristal

Zarzal

Humatas

Luquillo

Sonadora

Soil Series Description
- Found along mountain slopes, backslope coves
- Consists of loam, a variety of clays, gravel
- Horizon hues shift from yellow to red
- Soil is strongly acid and somewhat poorly
drained
- Found along mountain slopes, backslope
- Composed of a lot of loose clay
- Horizon hues shift from yellow to brown to grey
- Soil is acidic and well drained
- Found along ridges and hillsides
- Consists of silt and clay
- Horizon hues shift from chocolate brown to
yellow to red and bright yellow
- Soil is acidic and well drained
- Found along floodplains, toeslopes
- Composed of stony clay loam, silt loam, clay,
pebbles, cobbles and boulders
- Horizon hues range from yellowish brown to
strong brown
- Soil is acidic and well drained
- Found along the slopes of lower foot hills and
footslopes
-Comprise of blocky clay loam, mudstone
bedrock
- Horizon hues range from dark reddish brown to
dark brown, greyish brown and dark grey
- Soil is acidic and well drained

Inceptisol Oxisol
55%

50%

40%

25%

3%

10%

2%

8%

0%

7%
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2.3 Clay Minerals
Clay minerals are an important component of soils acting as both sinks and sources of
nutrients. Reactive minerals, such as kaolinites and smectites, bind compounds as they move
through the soil. These compounds include water molecules, trace metals and organic matter all
needed to support plant life and soil microbial communities. The adsorption of biopolymers from
decaying plants and other organic debris ensures organisms in the soil have access to vital nutrients
such as carbon and nitrate needed for cell production. The weathering and dissolution of minerals
also allows for the gradual release of mineral base trace elements such as iron, aluminum and
magnesium into the soil (Block et al., 2015; Maathuis, 2009; Mikutta et al., 2019).
The chemical and physical properties of clay minerals guide the movement of compounds
through the soil. Structurally, clay minerals may be classified as having 1:1 and 2:1 structure. Clay
mineral structures comprised of a tetrahedral sheet bounded to an octahedral sheet are said to be
1:1 clays while 2:1 clays consist of the octahedral sheet bounded above and below by two
tetrahedral sheets. Examples of 1:1 and 2:1 clay minerals, kaolinite and montmorillonite, are
shown in Figures 5 and 6. The 1:1 clay minerals have hydroxyl groups present on the surface and
do not swell when saturated with water. On the other hand, 2:1 clays, such as smectites (e.g.,
montmorillonite, are highly expanding clays due to the presence of an interlayer between sets of
2:1 tetrahedral and octahedral sheets. The interlayer behaves as an inner surface that can sorb water
molecules and exchangeable cations (Ca2+, Na+, NH4+) and molecules can expand to the point of
separation (Basma et al., 1996). These structural properties of clays are an important feature that
can influence bacterial biomass activities and organic carbon interactions with the minerals in the
soil.

15

Figure 5: 1:1 structure of Kaolin group clays (Wimpenny, 2016)

Figure 6: 2:1 structure of Smectite group clays (Wimpenny, 2016)
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2.4 Soil Bacteria
A few terms relating to the bacterial community need to be defined for the purpose of this
research. These are biofilms, extracellular polymeric substances (EPS) and bacterial biomass.
Biofilms are surface attached microbial communities surrounded by extracellular polymeric
substances (EPS) (Chater et al., 2010). Extracellular Polymeric Substances (EPS) are compounds
produced in the attachment phase of a biofilm. These include proteins, polysaccharides (e.g. levan,
alginate), DNA, RNA, ions and water (Jamal et al., 2018). Biomass is a term used to collectively
describe the amount of organic matter that constitutes living organisms in the soil. A bacteria
biomass includes the biofilm, its EPS components and both living and dead (necromass) bacteria.
Bacterial communities are a fundamental component of soils. Bacteria may typically be
divided into Gram-positive or Gram-negative based on the structure of their cell walls. Those with
cell walls consisting of a thick peptidoglycan layer and no outer lipid membrane are referred to as
Gram-positive while those with a thin peptidoglycan layer and an additional outer lipid membrane
are called Gram-negative (Amils et al., 2011). The additional outer membrane acts as capsule
encasing, an added form of protection for the Gram-negative bacteria (Silhavy et al., 2020). One
of each type of bacteria was used in this study.

Figure 7: Scanning Electron Microscopy of bacteria from the genus Pseudomonas (left) and Streptomyces (right)
(Photo credits: Gordon Vrdoljak, Electron Microscopy Laboratory, U.C. Berkeley and John Warhol, Actinomyces
Society of Japan)
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Pseudomonas syringae (Figure 7) is a rod-shaped, Gram-negative bacteria of the Genus
Pseudomonas and Proteobacteria phylum. It is a soil bacteria with polar flagella, considered an
opportunistic organism and is the most common of plant pathogens (Laue et al., 2006)
Pseudomonas is also a biofilm forming bacteria. Biofilms are surface attached microbial
communities surrounded by extracellular polymeric substances (EPS) (Jamal et al., 2018). The
EPS produced by the P. syringae consists of proteins, biosurfactants and polysaccharides such as
levan and alginate needed to ensure adaptability and survival in their current environment.
Streptomyces griseosporeus is also a biofilm forming bacteria (Figure 7). It is Grampositive and belongs to a family of antibiotic producing organisms in the Streptomyces genus and
Actinobacteria phylum. Actinobacteria share common characteristics with fungal organisms, one
of which is the production of mycelium. Mycelium is a collection of filamentous hyphae needed
nutrient retrieval, matrix structural support and sporulation. It is the mycelium along with various
proteins and other extracellular substances that make up the Streptomyces biomass.
Soil biomass comprises bacteria biofilm, the EPS and both living and dead bacteria. It is
this entire entity that interacts with minerals and organic matter within the soil. These interactions
foster the decomposition of organic matter, sequestering and release of nutrients and trace
elements, the production of EPS and growth of the bacterial biofilm, and may also result in
alterations to clays minerals. It’s is theorized that through these processes organic carbon is cycled
through, and some factions stabilized, within the soil. These may be in the form of microbial EPS
and biomass which bears similar characteristics to that of mineral-associated organic matter
(MOM) mentioned by Cotrufo et al. (Figure 3). An attempt to analyze bacterial-soil interactions
was done using Fourier-Transform Infrared Spectroscopy.
2.5 Fourier-Transform Infrared Spectroscopy (FTIR)
Fourier-Transform Infrared (FTIR) spectroscopy is an analytical technique that taps into
the vibrational transitions of a material or substance in order to a measure the absorption of infrared
radiation by molecules within that sample. The frequency of the vibrations is associated with the
strengths of the molecular bonds and the mass of the atoms in the molecule. Since all functional
18

groups have characteristic vibrational frequencies, the absorption bands can be used to identify
specific functional groups associated with the material. This technique would be useful in helping
to identify compounds within the bacterial biomass that may be interacting with the mineral and
soil and is often used in the study of organic and some inorganic materials.
The vibrational frequencies associated with the IR absorption can be studied within the
mid-infrared range, from approximately 4000-400 cm-1 (2.5-25 μm). The intensity of absorption
peaks can be affected by vibrational modes (stretching, bending) and changes in dipole moments
in the molecules. The sensitivity of these vibrations can make certain materials and substances
complicated to analyze using IR. However, one of the major advantages of Fourier transform
infrared (FTIR) spectroscopy is that it can give detailed qualitative and quantitative chemical
information about a sample without destroying it.
Two types of FTIR are transmission FTIR and Attenuated Reflectance (ATR)
Spectroscopy. In ATR-FTIR infrared radiation passes through the crystal surface of an internal
reflection element such as zinc or diamond which is in contact with the sample. The light interacts
and then reflects off of the crystal/sample interface at a 45º incident angle towards the detector. In
transmission FTIR, the infrared light passes through the sample and a specific frequency of light
will get absorbed. This means that the thickness and transparency of the sample prepared in
transmission FTIR will affect the results. Any wavelength or frequency of light not absorbed will
exit the sample and be transmitted to the detector (figure 8).

Figure 8: Infrared light reflectance (ATR-FTIR) and transmission (FTIR) in IR spectroscopy.
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3. Materials and Methods
3.1 Clay Minerals and Soils
3.1.1 Pure Clay Minerals
A pure clay mineral was used as a proxy for smectites and other 2:1 clays to investigate
the effect of swelling clays on bacteria biofilm/biomass interactions in soils. A calcium
montmorillonite (Ca-MMT) source clay (STx-1b, white powder form) was obtained from the Clay
Minerals Society. The clay mineral was subject to bleaching to remove organic matter and particle
size separation prior inoculation by bacteria cultures.
Bleaching of Ca-MMT
The Ca-MMT powder was finely grounded using an agate mortar. Four grams of the clay
were then mixed with 50 mL of 5% sodium hypochlorite (NaClO) solution and sonicated for 1
hour at room temperature. Following sonication, the suspension agitated in a shaker for 24 hours
to break down aggregates. To remove the sodium hypochlorite, the suspension was centrifuged
using a Sorvall Superspeed RC2-B centrifuge with an SS34 rotor. The suspension was spun at
13,000 rpm for 10 minutes and the liquid discarded. The clay pellet was then resuspended in
distilled water and centrifugation repeated. The process was done at least four times until NaClO
was no longer detected in the sample.
Separation of 2 µm Clay Fractions
In order to maximize bacteria-clay interactions, clay particles sized at 2 µm and smaller
were preferred due to the higher surface area to volume ratio. To separate the 2 µm fractions, the
Ca-MMT pellet was resuspended in 50 mL of distilled water and centrifuged at 2000 rpm for 5
minutes. The supernatant, which contained the 2 µm particles, was placed in a separate container
and the remaining pellet resuspended in 50 mL of distilled water. Both the main Ca-MMT and the
2 µm stocks were then sterilized by autoclaving for 20 min at 121 °C at 15 psi.
Clay Concentration in Suspension
The clay concentration was determined by placing 2 mL of the final suspension in a weigh
boat and measuring the combined weight. The suspension was agitated before any liquid and
20

colloidal particles were removed. The weigh boat containing the 2 mL suspension was then lightly
covered, to prevent contamination by dust particles, and left to dry at room temperature. Seventytwo hours later, the combined weight of the boat and the dried clay particles were taken and the
value subtracted from the initial one to estimate the amount of clay particles in the 2 mL suspension
(mg/mL). The process was done in duplicate and the average concentration used in preparing clay
samples for bacterial inoculation.

3.1.2 Natural soils
Inceptisol and Oxisol soils were also analyzed by FTIR. The samples were procured from
two sites within the Luquillo LTER and Critical Zone Observatory (LCZO), part of a Tabonuco
tropical forest, in Puerto Rico ((Peña et al., in prep.; figures 37, 39 and Table 10 in Appendix III).
Both soils were collected form the B horizon at a depth of 25 cm. The Inceptisol derived from
marine basalt lavas and contained a cambic B horizon. The mineralogy of the soil as determined
by Peña et al. (in prep) consists primarily of the 2:1 clays chlorite, vermiculite, smectites and minor
amounts of kaolinite and gibbsite (figure 40 in Appendix III). The Oxisol originated from
volcaniclastic deposits and was dominated by kaolinite (~60%) and iron oxides (9% wt.) (NRCS
2002). Both soils are classified as well drained and highly weathered.
Table 2: Puerto Rico Soil Samples
Soil
Type
Oxisol

Soil
Unit
Zarzal

Inceptisol Luquillo

Forest
Site
Latitude Longitude Type
TABOX- 18.3162 -65.7453
Tabonuco
12
Lu-B

18.32162 -65.73124

Tabonuco

Features
Very fine, kaolinitic
isohyperthermic; 65%
clay; depth: 5-91 cm,
10% Fe (wt)
Dystric Eutrudepts;
45-50% clay; depth:
15-46 cm; 2C starts at
46 cm depth, 7% Fe
(wt)
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Pretreatment of the Soil
According to Peña et al. (in prep), the Oxisol and Inceptisol soil aggregates were broken
up using an agate mortar then suspended in ultrapure distilled water before being sieved through a
63 µm mesh filter. This separated the larger particles leaving behind mostly clays. Organic matter
was removed by suspending 2g of the soils in 20 mL of 5% NaClO for 12 hours. The suspensions
were then sonicated in a hot water bath at 69 °C for 15 minutes to break apart aggregates. The
liquid was removed through a 10-minute centrifugation at 12,000 rpm using the Sorvall
Superspeed RC2-B centrifuge with an SS34 rotor. The supernatant was removed and rinsing of
the pellet ensued through resuspension with distilled water and further centrifugation until no
evidence of NaClO was detected. The absence of NaClO was verified by adding one drop of 0.1
M of silver nitrate (AgNO3) to the resuspended pellet mixture. If white precipitate was observed
then NaClO was detected in the mixture and the rinsing process was continued.
Separation of 2 µm Clay Fractions
To separate the 2 µm clay fractions in the Oxisol and Inceptisol, the samples were
centrifuged for 3 minutes at 800 rpm in a Sovall RT6000B centrifuge containing a Sorvall H1000B
Bucket Rotor. The supernatant which contained the small fractions was then sterilized by
autoclaving for 20 min at 121 °C at 15 psi. The Oxisol and Inceptisol samples were then
resuspended in distilled water adjusted to a final concentration of (w/v) 100 mg/mL.
3.2 Bacteria Cultures
Two biofilm forming soil bacteria were selected to inoculate the natural soil and pure clay
mineral samples. The inoculation in the natural soils were conducted previously by Peña et al. (in
prep.)
3.2.1 Gram-Negative Bacteria
Pseudomonas syringae pv. Phaseolicola HB10Y, a plant pathogen, is a common Gramnegative bacteria (Alimova et al., 2006). Fresh P. syringae pv. Phaseolicola from GlycerinLM2333 stock cultures were streaked on Luria-Bertani agar plates and allowed to grow for 72
hours at room temperature (28 °C). One colony was then transferred to a 5 mL Luria-Bertani media
solution or M9 media solution. The Luria-Bertani media solution was used as the overnight liquid
22

medium for the Pseudomonas syringae bacteria inoculating the Ca-MMT clay samples. The M9
media solution (230 mM Na2HPO4; 110 mM KH2PO4; 66 mM NaCl; 94 mM NH4Cl, 2 mM
MgSO4; 0.1 mM CaCl2, 20% glucose and 1.2 mM C5H8NO4Na) was used by Peña et al. in prep
for bacterial cultures inoculating the Inceptisol and Oxisol soils. The liquid cultures were allowed
to continue growing overnight at 28 °C under low speed agitation.
3.2.2 Gram-Positive Bacteria
The Gram positive bacteria, Streptomyces griseosporeus, is a type of actinobacteria and a
known producer of antibiotics. Fresh S. griseosporeus, from the stock culture ATCC 27435, was
streaked unto yeast malt extract plates and allowed to incubate for 96 hours at room temperature
(28 °C) under closely monitored humid conditions. The plates were set in a well-ventilated location
and the humid environment prevented dehydration of the cultures. The M9 media solution used by
Peña et al. in prep was adjusted for S. griseosporeus by substituting 10% yeast extract for 1.2 mM
C5H8NO4Na (sodium glutamate) and decreasing the pH of the media to 5.5 using HCl. One colony
of S. griseosporeus was removed and placed in 5 mL of the M9 media solution. The liquid culture
was then incubated for 24 hours at 28 °C, under low speed agitation.
3.3 Sample Preparation
One clay-bacteria aggregate, Ca-MMT-P. syringae, was prepared in this study while four
different bacteria-soil aggregates, Inceptisol-P. syringae, Inceptisol-S. griseosporeus, Oxisol- P.
syringae and Oxisol-S. griseosporeus, were previously prepared by Peña et al. (in prep.).
The Ca-MMT-P. syringae aggregates comprised of a 100 mg of clay, 100 µL of P. syringae
bacterial culture that was inoculated overnight in Luria-Bertani liquid media and a modified
minimal media solution, the amount of which was offset to bring the aggregate suspension to a
total volume of 100 mL. The modified minimal media solution consisted of an M9 mineral salts
solution (0.42 M Na2HPO4, 0.22 M KH2PO4, 0.19 M NH4Cl, 0.085 M NaCl and 0.1 mM
CaCl2*2H2O), supplemented with 40% glucose, Hutner’s mineral base (a vitamin free mineral
solution) and a PHMSG solution. The Hutner’s mineral base contained trace amounts of heavy
metals while the PHMSG solution comprised of amino acids. The modified mineral media was
filtered under aseptic conditions using a syringe equipped with a 0.22 µm membrane Millipore
Millex-GS filter. This step was done to remove any bacterial and fungal organisms that may be
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present in the solution as microbial contamination of the minimal media had been an issue earlier
on in this project. A full description of the modified mineral media solution can be found under in
A1.1 of Appendix I.
The bacteria-soil aggregate suspension prepared by Peña et al. (in prep) consisted of 100
mg of soil, 100 µL of the bacteria and 100 mL of filtered M9 media solution. All samples were
placed in elongated glass vials or Erlenmeyer flasks and covered loosely to encourage aeration.
The bacteria-soil/clay suspensions were incubated at room temperature for 72 hours under a low
speed agitation. Control samples were also prepared with soil/clay and minimal media.
3.4 Sample Processing
After 72 hours, the presence of bacteria was verified using a phase contrast microscope.
Control samples were also checked under the phase contrast microscope to confirm the absence of
bacteria. The bacteria-soil/clay aggregates suspensions were spun down for 5 minutes at 6000 rpm
using the Sovall RT6000B centrifuge with a Sorvall H1000B Bucket Rotor. The supernatant
containing the excess minimal media and planktonic cells was disposed of and the remaining pellet
resuspended in a 0.1 M phosphate buffer solution. The new suspension was centrifuged again in
order to rinse the bacteria-soil/clay aggregates. This process was repeated two more times before
the pellet was resuspended in distilled water and finally autoclaved for 20 min at 121°C and 15
psi.
3.5 Fourier-Transform Infrared Spectroscopy (FTIR)
3.5.1 General FTIR Technique
A general FTIR technique was used to prep and scan all samples. Liquid was removed
from the Control samples and the bacteria-clay aggregate suspensions by centrifugation. The
samples were spun down 5 minutes at 6000 using the Sovall RT6000B centrifuge and Sorvall
H1000B Bucket Rotor. The samples were then dried to a powder to remove as much moisture as
possible. The Ca-MMT- P.syringae pellet sample was vacuum dried for 4-3 hours at 27,000 rpm
until a stable pressure (approximately 6.04 mTorr) was achieved while the Inceptisol and Oxisol
samples were vacuum dried at 4 ºC. Two hundred mg of dried potassium bromide (KBr) was
combined with 1 mg of the bacteria- soil/clay aggregate sample. The mixture was ground to a fine
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powder and then pressed into a transparent pellet at with force of 8000 psi using a hydraulic press
and pellet die.
A Thermo Scientific Nicolet 8700 FTIR spectrometer equipped with the OMNIC FTIR
software was used to capture the IR spectrums of the bacteria-soil/clay samples. Parameters were
set to 16 scans at a resolution of 4 cm-1. A background scan was first taken with the empty sample
mount in the FTIR chamber. The bacteria-soil/clay pellet was then mounted in the FTIR chamber
and the spectrums of the sample collected.
3.5.2 Refined FTIR Technique
There were marked differences in the resolution of FTIR peaks between the Inceptisol soils
and Ca-MMT samples. During the sample preparation and FTIR scanning a number of issues were
encountered including the water content in the pellet, inconsistencies in the thickness and
transparency of the pellet, and changing environmental conditions, such as humidity, in the FTIR
chamber. It was believed that these issues affected the reproducibility of the FTIR results. Time
was therefore set aside in the study to refine the FTIR technique. To obtain better resolution in the
FTIR spectra, modifications to the General FTIR technique were done. A detailed account of the
evolution of the Refined FTIR technique can be found in section A.1.2 of Appendix I. The OxisolS.griseoporeus aggregate samples were retested using this refined FTIR technique.
As part of this refined method the bacteria-soil/clay aggregate sample and KBr additive
were both vacuum dried as outlined above in the general technique. The set-up of the FTIR
spectrometer (Thermo Scientific Nicolet 8700) was modified to allow continuous nitrogen purging
during the run of the experiment to help reduce the volume of CO2 in the FTIR chamber. After 2030 minutes into the nitrogen purging, the first background scan was taken with an empty KBr beta
press barrel set in the FTIR chamber. The KBr beta press barrel was then removed, the FTIR
chamber lid closed and FTIR sample pellet prepared. One thousand mg of KBr and 2.5 mg of the
bacteria-soil/clay sample were finely grounded and homogenized. Of this bulk mixture, 100 mg
was pressed into a single pellet using a Stanley bench vice and the KBr beta press. With the
bacteria-soil/clay sample now in the form of a transparent pellet within the KBr beta press barrel,
the barrel was placed on the sample holder in the FTIR chamber. FTIR scans were then taken
immediately and every second after, until a smooth IR spectrum was obtained. To attain the
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smoothest scan, the internal environment of the FTIR chamber was manually adjusted until water
vapor peaks were minimized.
Table 3: List of bacteria-soil/clay aggregates characterized using FTIR
Sample Name

Soil/clay

Bacteria Strain

General FTIR
Technique

Ca-MMT-P.syr

Camontmorillonite

P. syringae

P

Incept-P.syr

Inceptisol

P. syringae

P

Incept-S.gris

Inceptisol

S. griseosporeus

P

Oxisol-S.gris

Oxisol

S. griseosporeus

P

Oxisol-P.syr

Oxisol

P. syringae

P

Refined FTIR
Technique

P
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4. Results and Discussion
4.1 Ca-montmorillonite-Pseudomonas syringae Aggregates
Ca-Montmorillonite inoculated with Pseudomonas syringae 0 hour, 72 hours and 96 hours
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Figure 9: FTIR results of calcium montmorillonite clays inoculated with Pseudomonas syringae for 72 hours and 96
hours.

Figure 9 shows two separate 72-hour samples, biomass A (orange) and biomass B (green),
and one sample inoculated for 96 hours (yellow). The 96-hour biomass was noted to have too much
sample in its pellet. This produced a plot bearing high absorption which may have obscured some
of the more sensitive peaks. The amount of sample in the pellet was reduced from 1.25% to 0.25%
for the 72-hour A and B samples. In the case when too much sample is in the pellet, then the
strongly absorbing peaks cannot be determined due to truncation of the peak by high absorption;
however, the very weak peaks can be observed if there is no interference from other peaks. In the
case when too little sample is contained in the pellet, then the strong peaks can be evaluated, but
the weak peaks cannot be observed since they are buried in the noise.
In general, all three Ca-MMT-biomass samples follow the same pattern suggesting that the
Ca-MMT/pseudomonas interactions are consistent, and the results are reproducible. The Ca-MMT
controls also followed similar patterns indicating that the liquid media used as substrate for the P.
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syringae may have had minimal interference/interaction with major functional groups in the
montmorillonite clay. Therefore, it is assumed that any differences between the controls and the
inoculated samples would be due to clay/bacteria interactions.

Ca-Montmorillonite (no iron) inoculated with Pseudomonas syringae 0 hour, 72 hours and 96 hours
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Figure 10: FTIR results of calcium montmorillonite clays inoculated with Pseudomonas syringae for 72 hours and
96 hours. The plot shows peak changes observed between the wavenumbers 1300 – 1900 cm-1

The FTIR scans indicate clay/bacteria interactions to be very active within the 1400 -1800
cm-1 range. A small peak at 1454/1456 cm-1 is visible in all three Ca-MMT/P. Syringae biomass
samples. However, closer analysis of the controls indicated that these peaks were also present in
the clays at lower intensity. It is possible that the increase in the intensity of this peak may be due
to interactions with the bacteria but changes in peak intensity due to sample preparation should not
be ruled out. As bacterial biomass contains various substances, it is likely that multiple interactions
were occurring within this region. These interactions may be influencing and shifting the
vibrational modes of compounds. In that regard, the entire peak range, 1431-1472 cm-1, was also
considered in the FTIR analysis. Functional groups associated with this range include amino acids,
methyl and methylene groups. A new peak at 1537/1539 cm-1 was observed in all Ca-MMT/P.
syringae biomass samples. The absence of this peak in the controls and consistency of its
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appearance in all the biomass samples indicate that its formation is a direct product of the CaMMT/ P. syringae interactions. The full peak range runs from 1478 - 1555 cm-1 with nitro bonding
compounds, and amino acids known to be associated with this band range. What was at first
thought to be a peak shift at 1647 cm-1 was later determined to be a series of overlapping peaks
within the range of 1586 -1720 cm-1 that may have created a convoluted effect resulting in what
appears to be one broad peak. Changes in one or several of these individual peaks may have
resulted in the observable ‘peak shift’. The broadening of the peak near 3416 -3424 cm-1 was also
observed as well as the loss of intensity at the peak at 3627/3629 cm-1. These peaks are associated
with OH– stretches.
In the minimal nutrient environment each inoculated sample was observed to have
developed biofilm formation, visibly noted by a cloudiness in the liquid media and thin films stuck
to the sides of the flasks. The formation of biofilms suggests EPS components were in play
building the biomass matrix. It is therefore likely that any changes observed by FTIR could be
attributed to bacterial biomass compounds (including EPS). Based on the literature, different
extracellular polymeric substances such as levan and alginate occur within peak ranges observed
in our spectrum and therefore appear to have interacted with the mineral (Adzmi et al., 2012;
Jathore et al., 2012; Moussa et al., 2017).
Levan is produced as a nutrient storage for P. syringae, and is specially accumulated for
use later in the bacteria’s biofilm development (Laue et al., 2006).19 It is a polysaccharide formed
from the polymerization of fructan. Levan consists of a number of linked sugar rings bounded by
hydroxyl groups (Figure11). The number of hydroxyl groups can allow for levan compounds to
readily interact with other molecules in the surrounding environment.

Figure 11: Chemical structures of levan (left) and alginate (right), compounds found in the EPS of Pseudomonas
syringae bacteria (Limoli et al., 2015). Photo credit: PubChem
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In their study on levan from Pseudomonas fluorescens, Jathore et al. (2012) observed levan
peaks at 1420, 1541 and 1645 cm-1. In all three of our inoculated Ca-MMT samples (Figure 10)
peaks around 1541 and 1645 cm-1 are also observed. Our peak at 1454/1456 cm-1, while not aligned
with the Jathore study, does follow the general peak pattern for levan (Jathore et al., 2012). With
the likely presence of levan identified in our sample, a question arises about its solubility. Levan
is water soluble and the Ca-MMT remained in water-based liquid media for 72 hours. If levan was
present, as an important nutrient source, how was it protected? In general, aqueous solubility of
polymers decreases in increasing molecular weight (Guo et al., 2017). The formation of large
chains of levan polymers may help to reduce the solubility of the levan molecules in liquid
environments and therefore protect the nutrient storage. However, because of the higher solubility
of the maturing EPS compounds also raises the possibility that during the processing of the sample,
some fraction of these biomass compounds may have been lost. The presence of intense levan
peaks, particularly at 1537/39 cm-1, in the Ca-MMT samples could be the result of such large levan
or polysaccharide chains. However, it is recognized that the peak ranges observed in the Ca-MMT
samples are most likely influenced by multiple compounds and not necessarily by a particular one.
As mentioned previously, alginate is another extracellular polymeric substance produced
by Pseudomonas syringae. Alginate is a capsular polysaccharide consisting of nonrepetitive β-1,4
linked L-guluronic and D-mannuronic acid monomers (Figure 11). It is responsible for the fitness
and virulence of the bacteria (Yu et al., 1999). Biological fitness refers to how well an organism
adapts to its environment and this is reflected in alginate gene expression (Keith et al., 2003).
Alginate formation may be linked to functional groups at 1412 -1438 cm-1 and 1595 1631cm-1 (Li et al., 2008; Adzmi et al., 2012). In the study by Li et al., notable peaks in Na-alginate
were identified at 1417 and 1617 cm-1 while in Adzmi et al., peaks at 1420 and 1595 cm-1 were
associated with the alginate compound. In Adzmi’s study, combining alginate powder with CaMMT resulted in the development of a new peak in the clay at 1422 cm-1 as well as a peak shift
within the 1595-1631 cm-1 band range. However, the Ca-MMT peak at 1633 cm-1 shifted to 1603
cm-1 in the Ca-MMT-alginate aggregate, while in our Ca-MMT-P.syringae biomass aggregate
sample the peak minimum appears to be at 1647 cm-1. Bearing in mind that our Ca-MMT samples
also reflected bacterial activity it is likely that the alginate peak may not be at 1647 cm-1 but is
present as one of the other overlapping peaks within that peak range (1586 - 1720 cm-1).
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Alginate also aids in water retention and provides structural support to the biofilm matrix
(Cotrufo et al., 2013; Dahmane et al., 2014). Water retention capability in bacterial biofilms is an
adaptive feature for living in stressed environments. All samples examined in this study were
grown in a liquid environment (minimal media) with a pH of 7. In a liquid environment hydroxyl
groups on the polysaccharides are likely to bind with water. However, a high pH can cause
hydroxyl groups to deprotonate which limits water retention of the polysaccharide. This may be
the case with the Ca-MMT samples.
The solubility of alginate is highly dependent upon acetylation and the molecular weight
of the structure. The attachment of acetyl groups can also decrease solubility of alginate by
blocking protonation in the compound. Similarly, as in the case of levan, the larger the structure is
the more insoluble it becomes.
Alginate may also exhibit varying degrees of viscosity based on the ratio of mannuronic to
guluronic acid in its chain, acetylation and the pH of the environment. The Ca-MMT samples were
set in a pH environment of 7 to foster growth of the Pseudomonas syringae. At this pH,
deprotonation is likely and a higher degree of viscosity and adhesion may be expected in the
alginate due to conversion to various alginate salts. Higher viscosity may also play a role in
exfoliation of the clay. If bounded to the clay, pressure and stress applied by viscous alginate
compounds may result in shearing of the interlayer
A number of cations and water molecules may be retained between the individual layers of
the clays (figure 12). In 2:1 clays with high swelling capacities, e.g., montmorillonite, the
individual clay tactoids are bound by hydrogen bonds. Hydrogen bonds are weak and therefore
allow for the intervention of other molecules, such as water and cations, in between the individual
clay crystals. The montmorillonite samples tested in our study contain cations in the interlayer for
which the bacterial EDS compound alginate may have an affinity. Alginate molecules attempting
to bind with Ca2+, Na+, K+ and other cations may also be incorporated into the interlayer resulting
in further expansion of the clay. This could potentially cause displacement of the calcium and
exfoliation of clay itself.
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Figure 12: Expansion of montmorillonite clay due to the retention of water between its layers.
Photo source: https://employees.csbsju.edu/cschaller/Principles%20Chem/network/NWalumina.htm

According to several studies, broad/shifting peaks within the band range 1586 - 1720 cm-1
are associated with bending vibrations of adsorbed water in the clay (Angaji et al., 2013; Rong et
al., 2008; Sun et al., 2018). Polysaccharides such as levan and alginate are generally associated
with water retention. These EPS compounds, with roles involving nutrient storage, adaptability
and structural integrity of the biofilm matrix, may be influencing the amount of water being sorbed
to the clay mineral and this too may be reflected in the changes in the overlapping bands within
the 1586 - 1720 cm-1 band range.
Previously, it has been described that peak ‘shifts’ within the range of 1600 and 1650 cm1

may be due to loss in adsorbed water in the mineral. This appears to be the case for the lower

wavenumbers within the band 1586 – 1720 cm-1. Compounds associated with this area include
amines and amides, enol forms of ketones, urea and aromatic compounds. Amino acids are
associated with ranges 1580 - 1640, while peptides and proteins within wavenumber ranges 1620
- 1680. According to Sun et al., 2018, shifts in the 1640 peak suggest intercalation within the clay
layers, indicating that changes may be taking place within the interlayer in the Ca-MMT mineral
(Sun et al., 2018). The broadening of the right portion of the band (1646 - 1720 cm-1) may be due
to the formation and adsorption of extracellular substances from microbial activity. Carbonyl
stretches associated with ketones, aldehydes, esters, nitro compounds and carboxylic acids are
linked to peak formations in this region.
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Another EPS component of P. syringae is the biosurfactant syringafactin. Syringafactin is
a lipoprotein consisting of the amino acids leucine, glutamine, threonine and valine or isoleucine
(Figure 13).

Figure 13: Chemical structure of the biosurfactant Syringafactin, a component of Pseudomonas syringae EPS.
Photo source: (Haidar et al., 2020)

Peak ranges between 1580 and 1680 cm-1 are associated with primary amines (NH2),
primary amides (NH) and C=O stretching in urea as well as in secondary and tertiary amides. If
syringafactin is present it may have affected peaks within this band range.

Ca-Montmorillonite (no iron) inoculated with Pseudomonas syringae 0 hour, 72 hours and 96 hours

75

65

% Transmittance

55

45

35
Ca-MMT 0 hr Control
Ca-MMT 72 hr Control

25

Ca-MMT 72 hr Biomass A
Ca-MMT 72 hr Biomass B

15

Ca-MMT 96 hr Biomass

5
2500

2700

2900

3100

3300
Wavenumber

3500

3700

3900

(cm-1)

Figure 14: FTIR results of calcium montmorillonite clays inoculated with Pseudomonas syringae for 72 hours and
96 hours. The plot shows peak changes observed between the wavenumbers 2500 – 4000 cm-1
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The broad peak from 3000 -3600 cm-1 is also associated with adsorbed water. The notable
broadening of the peak indicates an increase in adsorbed water in the presence of biofilm,
particularly within the interlayers of the mineral. Madejova et al. (2013) suggest that the hydroxyl
groups within this range are located on the surfaces of the Ca-MMT mineral.
It should be noted that the peak at 3629/3627 cm-1 lost intensity in both the 72-hour biomass
A and B samples. Madejova et al. (2013) suggests that peak changes within this region are
associated with O-H stretching vibrations. The loss in intensity here may due to exfoliation of the
clay layers, similar to what Block et al. (2015) observed. In this case the exfoliation may be as a
result of bacterial activity.

Figure 15: Intercalation and exfoliation of clay interlayers
Photo source: http://halltechnicaldrawing.weebly.com/nano-technology.html

As mentioned earlier, the presence of EPS such as viscous alginate compounds may add
stress to the interlayers resulting in exfoliation. The intensity however, did not appear to change in
the 96-hour biomass sample. It should be noted that this sample contained a higher amount of
sample in the KBr pellet than the 72-hour samples, so absorption might be exaggerated. The
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increased intensities of the peaks at 2853/2856, 2925/2926 and 2955 cm-1 are also noted.
According to Sun et al. (2018) the peaks at around 2936 cm-1 and 2856 cm-1 are associated with
the clay interlayer. The increase in intensity within this region suggests expansion of the layers.

4.2 Comparison of Ca-montmorillonite-Pseudomonas syringae aggregates with InceptisolBacteria Aggregates

Figure 16: FTIR results compares the Ca-MMT/Pseudomonas syringae sample (figure 16C) with that of Inceptisol
soils sampled from Tabonuco Forest in Puerto Rico. The Ca-MMT sample represents a controlled Inceptisol
environment rich in smectites. Soil samples were purged of organic material and inoculated with P. syringae (A)
and S. griseosporeus (B) for 72 hours to observe changes that may be due to clay/bacteria interactions.

The FTIR results of the pure Ca-MMT mineral/bacteria samples were compared to
Inceptisol soil, inoculated with two different strains of bacteria: an actinobacteria, S. griseosporeus
(Gram (+)), and P. syringae (Gram (-)). The Inceptisol is dominated by 2:1 clays. The FTIR results
of the soil-bacteria aggregates revealed similar patterns to that of pure Ca-MMT mineral inoculated
with P. syringae. These include the increased intensity of the peak at 1454/1456 cm-1, presence of
a new peak at 1540 in the P. syringae sample and at 1555 cm-1 in the actinobacteria sample, the
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‘peak shift’ from 1632 to 1656 cm-1, notable increases in intensities at 2854/2955 cm-1, 2925/2926
cm-1 and the broadening of peak at 3000-3600 range. However, not all patterns were the same. The
peak at 3627 cm-1 associated with the Ca-MMT was not observed in the Inceptisol samples.
Distinct kaolinite peaks are observed at 3619 and 3696 cm-1 indicating that the Inceptisol contains
kaolinite minerals. In contrast to the Ca-MMT, the peaks in this region of the Inceptisol do not
lose intensity as a result of interaction with P. syringae. This possibly due to difference in signal
between the pure smectite mineral (Ca-MMT) and a mineral mixture containing smectite other 2:1
clays, and iron oxyhydroxides (Inceptisol).
Regardless of bacteria type, the range between 1590 cm-1 and 1720 cm-1 appears to be the
indicative of bacteria/clay interactions. Because 2:1 clays, including smectites, are dominant in the
Inceptisol samples, exfoliation may still be occurring, but due to the prominence other clay
minerals, including kaolinite, the exfoliation may not be easily observed with FTIR.
The similar changes in the FTIR spectra appear to be directly due to the mineral/bacteria
interactions and seem to be able to occur in pure clays and clay mixtures (soils). Moreover, P.
syringae is a Gram-negative bacteria while S. griseosporeus is a Gram-positive actinobacteria with
different cell wall structure and composition. The two are grown in pH’s of 7 and 5.5 respectively.
Nonetheless, both bacteria appear to produce compounds that interact with similar functional
groups in the Inceptisol clays. These compounds may be linked to extracellular components used
to build and maintain a bacteria biomass.
The FTIR spectrum of the Inceptisol inoculated with P. syringae was similar to that of the
Ca-MMT inoculated with the same bacteria. As the Inceptisol also contained smectite, levan and
alginate may have also have been produced. Based on the similarity between the two samples, the
P. syringae biomass interaction with a soil dominate by 2:1 clays, does not appear to have any
observable differences under FTIR when compared to the bacteria aggregates made with pure
montmorillonite clay. While the same is true for the Inceptisol inoculated with S. griseosporeus, a
different set of biomass compounds may have been produced and these unique compounds
interacted with the Inceptisol. Unlike P. syringae, the actinobacteria does not produce levan or
alginate compounds. A closer look at the components of the actinobacteria biofilm may help
identify possible functional groups on the surfaces of the clay that were affected by S.
griseosporeus biomass activity.
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Streptomyces reproduce through spore germination and a network of branching filaments
called hyphae that attach themselves to various surfaces in a soil. The hyphae are responsible for
nutrient capture as well as expansion and growth of the bacterial colony (Del Sol et al., 2007; Keith
et al., 2003). In the early stages of Streptomyces development, vegetative hyphae are produced.
This type of filament penetrates moist substrates, such as fungus, for nutrient bearing substances
such as chitin. Aerial hyphae, which are produced in the latter part of Streptomyces development,
attaches unto surfaces, rather than penetrates, as part of a pre-sporulation stage. The aerial hyphae
may be an important structural component of the biofilm matrix. The aerial hyphae will eventually
differentiate into chains of spores. Together, the collection of hyphae is called mycelium. The
mycelium biomass that accumulates is used as a nutrient source to support aerial hyphae growth
and sporulation (Del Sol et al., 2007; Keith et al., 2003). Therefore, after 72 hours of growth, it
can be assumed that the S. griseosporeus biomass contains a fair amount of mycelium or hyphae
filaments which may be interacting with the surface of the clay minerals in the Inceptisol soil.
Hyphae formation and function is aided by the production of amphipathic proteins. In a
study by Winn et al., 2014, Streptomyces biofilm treated with protease revealed severe loss of the
filamentous structures suggesting that the actinobacteria EPS may be dominated by proteins.
Hydrophobin proteins, e.g., the chaplins observed in Streptomyces coelicolor bacteria, coat the
aerial hyphae making them hydrophobic (Claessen et al., 2003; Del Sol et al., 2007; Winn et al.,
2014). Mature chaplin proteins can have a high molecular weight and can be as long as 63 amino
acids in length. Aerial hyphae themselves are made up of beta sheet proteins known for being
resistant to proteolysis (Elliot et al., 2003). These are called amyloid proteins. Peptides and
proteins within this range tend to interact with peaks between 1620-1680 cm-1 while amino acids
involved with NH3 and NH2 deformation are associated with peak ranges 1490 – 1530 cm-1 and
1580 – 1640 cm-1, respectively. The hydrophobic proteins may also be expected to influence the
amount of adsorbed water on to the clay. Peak ranges 1586 – 1720 cm-1 and 3000 – 3600 cm-1
reflect changes in adsorbed water within layers of the clay.
Secondary metabolites including antibiotics such as streptomycin, methylenomycin and
liposidomycin are also products of Streptomyces reproduction and development and are produced
in natural environments (Del Sol et al., 2007; Emerson et al., 2012; Hayes et al., 1997; Keith et al.,
2003; Kimura, 2019).
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Figure 17: Chemical structure of liposidomycin B (left), a peptidoglycan inhibitor produced by S. griseosporeus and
Streptomycin (right), a protein synthesis inhibitor produced by S. griseosporeus(Emerson et al., 2012; Kimura,
2019). Photo credit: PubChem.

Looking at the structures of liposidomycin and streptomycin (figure 17), the presence of
terminal guanidine moieties (N=C-N2H4) and hydroxyl groups (OH–) can be observed. It should
be noted that terminal amine and amide groups will produce a slightly different vibrational mode
than the bridging amides often found in proteins. The functional groups within these compounds
appear to align with functional groups (nitro compounds and hydroxyl groups) associated with the
1400-1800 cm-1 range of the spectrum. In order to assess whether antibiotic compounds may have
been present in the final product, the sample prep process was reviewed. It is likely that after 72
hours of growth there may be too small an amount of any antibiotic to be observed. The
actinobacteria in this study was grown at a pH of 5.5, suggesting an acidic environment. This
means that protonation of the such compounds were likely to occur after they were produced. For
instance, in the case of streptomycin, some kind of streptomycin salt would result from an acidic
environment. Streptomycin sulfate, a salt of streptomycin, is still an active antibiotic but as a salt
it is water soluble. As the soil sample and bacteria were kept in a liquid medium it is possible that
most of antibiotic product was lost after incubation, during the centrifugation and vacuum drying
processes.
In investigating other possible compounds associated with the bacteria growth, chitin was
found to be of interest. The Streptomyces genus of bacteria has the capability to break down chitin
as a source of carbon and nitrogen. Chitin can be found in soils, specifically in fungal cell walls
and arthropod exoskeletons. It is reasonable to assume that the Inceptisol may have contained these
organisms. However, the soils were treated with 5% sodium hypochlorite to remove organic
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matter, but this concentration may not be strong enough to break down chitin. Therefore, when the
soil was inoculated with S. griseosporeus it is possible that chitin was available as a nutrient source.
Chitin is a unique polysaccharide as it offers both carbon and nitrogen as nutrient supplements.
Most Streptomyces species produce enzymes needed to metabolize chitin. Chitin may be degraded
into chitosan by removal of an acetyl group or directly broken down into N-acetyl-glucosamine
monomers by chitinase enzymes. N-acetyl-glucosamine is an amino sugar important in bacterial
cell wall synthesis38.

Figure 18: Degradation of chitin, a source of carbon and nitrogen nutrients for Streptomyces 47
Photo credit: Pubchem, Wikimedia commons

The FTIR spectra of chitin and chitosan were compared with that of the Inceptisol
inoculated with S. griseosporeus. Peaks at 1555 cm-1 and 1656 cm-1 closely corresponded to chitin
peaks at 1556 cm-1 and 1659 cm-1 obtained by Dahmane et al. (2014). In the Dahmane study,
chitosan peaks were observed at 1595 cm-1 and 1653 cm-1. In another series of tests ran by
Shanmugavel et al. (2016), chitin was extracted from fungal cultures using various volumes of
protease40. These were then compared with a standard commercial chitin powder. The results
indicated chitin peaks between 1552 - 1558 cm-1 and 1639 - 1649 cm-1, well within the most active
Inceptisol peak ranges. The presence of terminal acetyl-amide groups in the chitin polymer and in
the N-acetyl-glucosamine monomer may have slightly different vibrational modes from bridging
factions containing the same functional groups. Terminal functional groups allow for more
reactivity with the surrounding environment. Chitin itself, is insoluble in both water and mildly
acidic solvents (pH ~ 3.5) while chitosan is more easily protonated in dilute acidic solutions (<6.5),
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therefore more soluble under such conditions (Pillai et al., 2009; Qin et al., 2006). Since S.
griseosporeus was grown in liquid medium with a pH 5.5, more chitin is likely to be retained on
the clay after processing.

4.3 Refined FTIR Technique

Figure 19: Results of the refined FTIR technique compared to that of a general FTIR technique. Samples were
purged of organic matter and inoculated for 72 hours with Streptomyces griseosporeus in a liquid minimal media
environment.

FTIR retests of two samples of the kaolinite-rich Oxisols were performed using the refined
technique. The control for Peña’s project consisted of the Oxisol that had been suspended in
minimal media for 72 hours while the experimental sample was the Oxisol inoculated with S.
griseosporeus bacteria and grown in minimal media for the 72 hours. A comparison of the new
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technique to that of the general FTIR technique performed by Peña et al. (in prep.) can be seen in
Figure 19. Overall, the refined technique produced smoother curves with minimal atmospheric
water vapor interference.
Since moisture in the sample was expected due to the clay-bacteria interaction, being able
to separate air moisture from water in the mineral-bacteria biomass was important. By gently
blowing into the chamber, conducting FTIR scans taken immediately after, and comparing the
scans with a sample in which the chamber was purged with nitrogen, the location of the peaks that
were due to the atmospheric water could be identified (Figure 36, in Appendix 2.2). These
particular peaks decreased in intensity over time. Knowledge of these peak locations would benefit
in evaluating experiments where samples are prepared under different FTIR techniques. The
refined technique also revealed/exposed peaks that were easily overlooked in the spectrum
collected with samples prepared using the general FTIR technique. Examples of such can be seen
in figure 19A at 1375 cm-1, 19B at 1475 cm-1, and 19C between 2850 and 2925 cm-1.
4.4 Oxisol - Actinobacteria Aggregates

Figure 20: FTIR results of Oxisol controls. These were samples purged of organic matter and set in minimal media
for 0 hours and 72 hours. The samples were prepared for FTIR analysis under a general FTIR technique by Peña et
al.
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A comparison of the 0 hour and 72-hour control spectra in the samples analyzed by Peña
et al. (in prep) showed no discernable differences indicating that the minimal media had an
insignificant effect on the Oxisol. Therefore, we compared the 72-hour Oxisol inoculated with S.
griseosporeus to a 72-hour Oxisol (bacteria-free) control analyzed using the refined technique.
Figure 20 above compares the 0 hour and 72 hour controls of the Oxisol samples prepared
using the general technique. Based on this technique the 0 hour and 72-hour control spectrums
showed no discernable differences indicating that the minimal media had an insignificant effect
on the Oxisol soil. From here it was inferred that a 0 hour control FTIR test performed under the
refined technique would also produce a spectrum similar to the 72 hour control prepared under the
same method. Therefore the 72 hour retested control could be used in place of the 0 hour control
for the interpretation of the 72 hour Oxisol/bacteria biomass spectrum.

Figure 21: FTIR results of Oxisol soil, purged of organic matter and inoculated for 72 hours with Streptomyces
griseosporeus in minimal media. Samples were prepared using the refined FTIR technique.
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FTIR spectrum of the Oxisol inoculated with S. griseosporeus showed few changes within
the ranges of 400-1400 cm-1 (figure 21B) and 2700-3900 cm-1 (Figure 21D). There was an increase
in intensity in the peak at 1034 cm-1 and a broadening of the peak at 1092 cm-1. A decrease in peak
intensity at 668 cm-1 was noted but dismissed as being an issue of sample prep. Most of the
alterations within this spectrum were observed to be between 1400 and 1800 cm-1. Of note were
the development of a broad, shallow peak between 1500 and 1575 cm-1 (with peak minimum lying
between 1554-1557 cm-1) and what appeared to be the ‘narrowing’ of the band between 1578 and
1767 cm-1 with the lowest point shifting from 1651 cm-1 in the 72 hour soil control to 1654 cm-1
in the biomass sample. A second peak of high intensity is discernable in the control at 1641 cm-1.
It is noted to lose intensity in the 72 hour biomass sample. This second peak may be associated
with amines (NH2 deformation) and carbonyls (C=O stretching), including peptides and proteins.
A broad band between 2989 and 3312 cm-1 becomes more prominent in the Oxisol/biomass sample
while another broad band, often associated with hydroxyl (-OH) stretches, runs between 33123585 cm-1 with little or no identifiable changes. This prominent band however may be due to
sample prep rather than bacterial activity. Peaks at 3621 and 3697 cm-1 also remain the same.
For the Inceptisol- S. griseosporeus samples, the developing peak between 1500 and 1575
cm-1 may be associated with some form of nutrient storage. In S. griseosporeus this may consist
of mycelium substances which the bacteria will later cannibalize as its biofilm matures (Keith et
al., 2003).
A distinct narrowing of the peak at 1654 cm-1 is observed in the Oxisol inoculated with S.
griseosporeus. The narrowing was more pronounced compared to the Inceptisols inoculated with
P. syringae and S. griseosporeus. As previously mentioned in the Ca-MMT analysis, several
overlapping peaks may reside within the range of 1578 – 1767 cm-1 and several of them may be
linked to the formation of bacterial extracellular substances. ‘Peak shifts’ within this band range
have also been associated with adsorbed water and intercalation of substances within the clay
layers (Angaji et al., 2013; Rong et al., 2008; Sun et al., 2018). In their study of Pseudomonas
interactions on kaolinite clays, Rong et al. recorded a peak shift from 1637 cm-1, in clay without
bacteria, to 1647 cm-1 in clays with bacteria (Rong et al., 2008). Our results also reflect only a
slight shift with S. griseosporeus but there is a loss in intensity at the double peak at 1641 cm-1
(observed in the control sample). High intensity losses at the lower wavenumber peaks in the range
band between 1578 – 1767 cm-1 may give rise to a distinct narrowing and peak shifting effect in a
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band range. Rong et al. also attributed the presence of peaks within this band range to be affiliated
with adsorbed water. A reduction in adsorbed water may result in weaker peaks in these areas.
Actinobacteria EPS also contains amphipathic proteins, some of which are important to the
growth and production of the hyphae and the mycelium (Winn et al., 2014). Some of these proteins
such as the Chaplin proteins, carry large molecular weight or are made up of durable beta sheets
that protect them from dissolution or degradation. Peptides and proteins are known to interact with
peaks between 1620-1680 cm-1 while amino acids involved with NH3 and NH2 deformation are
associated with peak ranges 1490 – 1530 cm-1 and 1580 – 1640 cm-1. As in the case of the
Inceptisol, the presence of any hydrophobic proteins may influence adsorbed water on to the clay.
Peak ranges 1586 – 1720 cm-1 and 3000 – 3600 cm-1 reflect changes in adsorbed water within
layers of the clay.
The presence of chitin is likely in the Oxisol. FTIR spectrum results from Dahmane et al. (2014)
and Shanmugavel et al. (2015) identified chitin peaks between 1552 – 1558 cm-1 and 1639 – 1649
cm-1 in an Oxisol.
4.5 Comparison of Oxisol-Bacteria Aggregates
The FTIR spectrum of the Oxisol soil inoculated with S. griseosporeus was compared to
the Oxisol inoculated with P. syringae. Similarly to the comparison of the Inceptisols, the purpose
of this analysis was to identify similarities and differences of bacterial biomass interactions
involving the same type of soil.
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Figure 22 : Comparison of the FTIR spectra of Oxisol inoculated with P. syringae (A,C) and S. griseosporeus (B,D)
for 72 hours. P. syringae samples were analyzed using a general FTIR technique. S. griseosporeus samples
analyzed by refined FTIR technique.

As in the case of the Inceptisol samples, the FTIR spectrums of both Oxisols, for the most
part, followed the same pattern regardless of bacteria type and FTIR technique/prep. The FTIR
spectrum from 410-1000 cm-1 and 2000 – 4000 cm-1 shown in Figure 22 above depicts this.
However, there is a shoulder in the S. griseosporeus sample between 2989 and 3312 cm-1 not noted
in the P. syringae samples. Looking closely at these two samples, the change may also be due to
sample prep and a difference in FTIR technique, as the two Oxisol controls should reflect the same
pattern. However, the broad peak is more pronounced in the S. griseosporeus sample compared to
its Oxisol control, and it may be related to the production of S. griseosporeus EPS compounds.

45

Figure 23: Comparison of the FTIR spectrum (range 950 – 1200 cm-1) of Oxisol soils inoculated with Pseudomonas
syringae (A) and Streptomyces griseosporeus (B) for 72 hours. Pseudomonas samples prepared by Peña et al. using
a general FTIR technique. Streptomyces samples prepared using a refined FTIR technique.

Detectable changes in the Streptomyces inoculated Oxisol are noted between the range of
950 and 1200 cm-1 (Figure 23). The increase in the intensity of the peaks at 1012 and 1034 cm-1
and the broadening of the peak at 1113 cm-1 are not observed in the Oxisol inoculated with P.
syringae. These changes may be specific to the S. griseosporeus bacteria in Oxisol soils or possibly
due to a higher amount of sample in the pellet.

Figure 24: Comparison of the FTIR spectrums of Oxisol soils (range 1200 – 1800 cm-1) inoculated with
Pseudomonas syringae (A) and Streptomyces griseosporeus (B) for 72 hours

Similar to the Inceptisol samples, the most active sites on the clay appear to involve
functional groups between 1200 and 1800 cm-1. However, unlike the Inceptisol soil samples,
interactions between the P. syringae and S. griseosporeus with the Oxisol, has produced two
different patterns in this region of the spectrum. In the actinobacteria-Oxisol samples, there is no
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observable peak between 1412 and 1472 cm-1. However, peaks at 1500 and 1575 cm-1 and within
the band range of 1586 - 1720 cm-1 are present. The peak residing at 1540 cm-1 is more intense
and fully defined in the P. syringae-inoculated Oxisols compared to the corresponding peak in the
Streptomyces samples. The large band between 1586 – 1720 cm-1 in the P. syringae sample is not
only intense, but the peak itself appears to shift to the right. The outline of the peak pattern within
the same band range in the S. griseosporeus sample appears to narrow due to the loss of intensity
in peaks to the left of the band. There is a small peak shift to the right.
One possible cause for the reduction in intensity may be the loss of adsorbed water on the
clay. Adsorbed water is associated with the Oxisol between the band range 1593 - 1779 cm-1. The
Oxisol soil is dominant in kaolinite, a 1:1 clay. Kaolinite does not swell upon saturation in aqueous
solutions. It is possible that the production of larger compounds and hydrophobic molecules, e.g.
proteins, in the S. griseosporeus biofilm can explain the possible loss of adsorbed water in the clay.
It should be noted that different EPS compounds are most likely produced between the two
bacteria. P. syringae creates levan nutrient storages most likely associated with the peaks between
1500 and 1575 cm-1, and alginate formation that may be linked to functional groups at 1412 - 1438
cm-1 and 1595 - 1631cm-1 ranges. In the S. griseosporeus-Oxisol samples, there is no observable
peak between 1412 and 1472 cm-1. However, peaks at 1500 and 1575 cm-1 and within the band
range of 1586 - 1720 cm-1 are present. As in the case of the Inceptisol samples, it is believed that
the detectable peaks within these two band ranges are the product of a series of overlapping peaks.
Actinobacteria produce mycelium, as a nutrient reserve and structural component in its biofilm
matrix, the latter of which interacts with the surface of the minerals in the Oxisol and many
proteins, some of which exhibit hydrophobic properties, e.g., the chaplins that coat the hyphae
filaments responsible for sporulation. Proteins are generally associated with peak ranges from 1490
- 1530 cm-1 and 1580 - 1640 cm-1. Antibiotics compounds, also produced naturally in Oxisols beset
with Streptomyces, and may be found associated guanidine moieties (N=C-N2H4) and hydroxyl
groups (OH) functional groups.
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4.6 Summary Diagrams
4.6.1 Significant FTIR Findings

Figure 25 : Summary of the significant FTIR findings.
FTIR spectra (range 1200 – 1800 cm-1) of Ca-MMT clay (M), an Inceptisol soil (A,B) and an Oxisol soil (C,D)
inoculated with P. syringae (M,A,C) and S. griseosporeus (B,D) bacteria

Figure 25 compares all five bacteria biomass-mineral samples within the range of 1200 – 1800
cm-1, and indicates that bacterial biomass-mineral activities consistently occurs within this
infrared range and is observable under FTIR.
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4.6.2 Potential Bacterial Biomass-Clay Interactions

Figure 26: Summary of possible Pseudomonas syringae biofilm interactions with the soils and pure clay minerals

Figure 26 summarizes the possible effects of certain EPS compounds associated with
Pseudomonas syringae - mineral interactions, extrapolated from the FTIR analysis.
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Figure 27: Summary of possible Streptomyces biomass interactions with the natural soils and pure clay mineral

Figure 27 summarizes the possible effects of certain biomass compounds associated with
Streptomyces griseoporeus - mineral interactions, extrapolated from the FTIR analysis.
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5. Conclusion
Under the refined FTIR technique, higher quality spectra reveal sensitive peaks and
minimal atmospheric water vapor interferences. Optimizing the current FTIR sample preparation
and scanning process can help improve the reproducibility and overall resolution of the peaks in
the spectrum.
Based on the FTIR analysis, new absorptions in the range of 1400 cm-1 and 1800 cm-1 were
due to the formation of bacteria biomass over a 72-hour period. This has been shown to be true
regardless of soil composition, bacteria type and sample preparation. This region of the spectra is
associated with various vibrational modes indicative of methyl groups, nitrogen-bearing
compounds including amines, peptides and proteins, and adsorbed water. Evidence of exfoliation
occurring between the layers of Ca-montmorillonite clay could also be attributed to increased
bacterial biomass activity.
Bacterial biomass is responsible for the displacement of adsorbed water on the surface of
clay. Also, the presence of bacterial extracellular compounds (e.g. EPS) with an affinity for cations
found between the layers of the clay could result in dissolution of the clay itself. The modification
of such compounds may be a feedback between the needs of the bacteria and the structure and
composition of the clay.
These interactions suggest that biopolymers in the bacteria biomass and clay minerals can
influence each other and their exchanges may have an important impact overall in soil microbial
communities. Some of these interactions may also be unique to the bacteria and the soil
environment, as was observed in the Oxisol inoculated with S. griseosporeus and may in fact play
a larger role in carbon and nitrogen cycling in soils than previously recognized.
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7. Appendix I: Detailed Experimental Procedures
A.1.1 Modified Minimal Media Solution
The section below details the method used for preparing the modified minimal media
solution for Ca-MMT-P. syringae aggregates. The process required four stock solutions to be
made ahead of time and a filtered 40% glucose solution prepared the same day.

Table 4: Modified Minimal Media Solution for Pseudomonas Syringae
Stock Solutions

Stock

Volume for 1 L

*M9 Mineral Salts Solution

10x

100 mL

*Vitamin Free Mineral Solution

100x

10 mL

*PHMSG (racemic) Solution

100x

10 mL

Carbon Source (glucose)

40%

10 mL

Distilled Water

870 mL

To avoid microbial or fungal contamination the M9 mineral medium, vitamin free solution,
PHMSG and 40% glucose were combined under aseptic conditions and filtered using a Millipore
Millex-GS syringe with 0.22 µm filter membrane. Distilled water was added after to a total volume
of 1000 mL.
Table 5: 10x M9 Mineral Salts Stock Solution

Na2HPO4

Concentration in
M9 Minimal Salts Solution
0.42 M

Molar weight
g/Mol
141.96

Weight to make
1L
60g

KH2PO4

0.22 M

136.086

30g

NH4Cl

0.19 M

53.491

10g

NaCl

0.085 M

58.44

5g

CaCl2*2H2O

0.1 mM

147.01

0.0147 g

Component

Distilled Water

1L

All M9 salts, except CaCl2, was autoclaved for 15 min at 15 psi pressure and 121oC temperature.
100 ml of the CaCl2 solution, with concentration 14.47 g/L, was autoclave for 15 min at 15 psi
56

pressure and 121oC temperature. 1 mL was then added aseptically to sterile M9 salts to complete
the 10x mineral salts solution.

Table 6: *Micronutrients Stock Solution, a component of the Hutner’s Mineral Base Stock
Solution

EDTA

Conc. in 1L
Micronutrient Solution
6.7 mM

Molar weight
g/Mol
372.24

ZnSO4*7H2O

44.6 mM

245.45

10.95 g

MnSO4*H2O

9.1 mM

169.02

1.54 g

CuSO4*5H2O

1.57 mM

249.68

0.392 g

Co(NO3)2*6H2O

0.85 mM

291.03

0.248 g

H3BO3

2.86 mM

61.83

0.177 g

Component

H2SO4

Weight to make 1 L
2.5 g

1 to 2 drops

Distilled Water

IL

Salts were dissolved first in 50 mL of distilled water and then filtered to avoid bacterial or fungal
contamination. The remaining 950 mL of distilled water was then added and the mixture stored at
4°C until needed. 50 mL of the micronutrient stock solution was added to the Hutner’s mineral
base stock solution to complete that solution (Table A.1.4)
Table 7: Hutner’s Mineral Base Stock Solution (also known as a 100x Vitamin Free Solution)
Conc. in 1 L
Hutner’s Solution

Molar weight
g/Mol

Weight to make
1L

52 mM

191

9.93 g

MgSO4*7H2O

58.6 mM

246.47

14.44 g

CaCl2*2H2O

22.7 mM

147.02

3.34 g

FeSO4*7H2O

356 µM

278.02

100 mg

(NH4)6Mo7O24*4H2O

70 µM

1235.86

87 mg

100 mM

74.55

7.46 g

Component
Nitrilotriacetic Acid (NTA)
(aminotricarboxylic Acid C6H9NO6)

KCl
Water (to final volume)

~ 950 mL
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The NTA was first dissolved and neutralized with approximately 7.03 g of potassium hydroxide
(KOH) in 500 mL of distilled water. 50 mL of the Hutner’s mineral base stock solution (Table
A.1.3) was then added followed by the remaining salts in Table A.1.4. Once the salts were
completely dissolved, the pH was adjusted to 6.8. To complete the Hutner’s solution, distilled
water was added to a total volume of 1 L.
Table 8: PHMSG Stock Solution (racemic/amino acid solution)
Component
Stock
(Amino
Concentration
acids)
Proline

20 mg/mL

Vol for 10 mL
Individual
Amino Acid
Stock Solutions
200 mg

Vol for 20mL
of PHMSG
Stock
Solution
20 µL

Concentration
in PHMSG
solution

Final Conc in
1 L minimal
media

20 µL/mL

0.2 µL/mL

Methionine

20 mg/mL

200 mg

20 µL

20 µL/mL

0.2 µL/mL

Sodium

20 mg/mL

200 mg

200 µL

200 µL/mL

2 µL/mL

Serine

20 mg/mL

200 mg

20µL

20 µL/mL

0.2 µL/mL

Histidine

20 mg/mL

200 mg

20 µL

20 µL/mL

0.2 µL/mL

Add 10ml H20

20 ml

Glutamate

Water

to each Amino
Stock
Individual 10 mL amino acid stocks were first prepared in accordance with Table A.1.5. 200 µL
of the sodium glutamate individual stock solution and 20 µL of each of the remaining individual
amino stock solutions were combined to make a 20 mL PHMSG stock solution. The final solution
was filtered with a 0.22 µm syringe filter to remove any bacterial or fungal contaminants.
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A.1.2 Refined (FTIR) Technique
Different sample prep and FTIR techniques were used to in an attempt to attain good FTIR
scans.

Figure 28: Transmission FTIR vs ATR-FTIR. Both arrangements were used when troubleshooting for a
refined FTIR technique.

Initial FTIR troubleshooting was first done with dry clay samples using transmission FTIR
approach
1mg of clay was grounded with 200 mg potassium bromide using an agate mortar and pestle to a
fine powder. The mixture was then placed in a pellet die and pressed into a pellet at 8000 psi of
pressure. The pellet was then attached to the FTIR sample holder and placed in the FTIR chamber
of the Thermo Scientific Nicolet 8700, for scanning. Setting were adjusted to 16 scans at a
resolution of 4 cm-1.

Issues with this technique
Consistency in the thickness and transparency of the sample pellet was very difficult to get. Based
on the FTIR results, this ratio of 1mg of sample to 200mg of KBr contained too much sample. Too
much water/moisture in the clay and atmosphere made it difficult to separate water peaks from
mineral peaks in the FTIR results. The mixture was modified to 2.5mg of sample to 1000mg of
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KBr which improved the issue of too much sample in the pellet. This ratio was used in future pellet
preparations.
ATR-FTIR
Diamond Crystal Plate attachment (Smart iTR-FTIR attachment) was
added to the FTIR instrument. 100 mg of the finely grounded sample
and KBr mixture was placed on the crystal plate. The sample is held
in place by a diamond crystal in the holding down device. FTIR scan
is taken.
Issues encountered with this technique
This technique made it tricky to average the thickness of the amount of the sample being placed
on the plate. It also did not improve water interferences in the scans.
Final Refined FTIR Technique
The pellet prep technique was refined to try to reduce water content in the sample by drying the
sample and potassium bromide in a vacuum for several hours. Attaining consistency in pellet
thickness and transparency was addressed by using a KBr beta press and a bench vise. To improve
on the CO2 noise in the FTIR readings, a continuous nitrogen purge was implemented. The
environment within the sample chamber was also manually adjusted for water vapor interference.
Drying of sample
The sample was first centrifuged, to remove as much water possible. It, along with the potassium
bromide (KBr), were then vacuum dried for 3-4 hours at 27,000 rpm until a stable pressure
(approximately 6.04mTorr) was achieved. A bulk dry mixture was then prepared consisting of
1000mg KBr and 2.5mg of sample, finely grounded and homogenized using an agate mortar and
pestle. The mixture was stored at room temperature in a centrifuge tube until needed.
Spectrometer Set-up
The FTIR spectrometer (Thermo Scientific Nicolet 8700 ) was set up for continuous nitrogen
purging during testing. This was to reduce the concentration of carbon dioxide in the FTIR testing
60

chamber. Settings were set at 16 scans at a resolution of 4 cm-1.. 20 minutes into the nitrogen purge,
a background scan was collected with an empty KBr beta press barrel in the FTIR chamber. The
KBr beta press barrel was then removed and the spectrometer lid closed to allow the nitrogen to
continue purging the chamber.
Sample Pellet Preparation
100mg of the dry mixture was placed in the a KBr Beta press barrel
and the sample secured on either side by two hardened, polished
bolts. The sample was pressed into a pellet using a Stanley bench
vise. It was found that the bench vise with the KBr Beta press
consistently produced pellets with more evenly distributed and
reproducible thickness compared to when a hydraulic press was
utilized.
FTIR scans
Once pressed into a transparent pellet, the bolts were removed and the KBr beta press barrel placed
in the FTIR sample holder. The sample is collected (processed) immediately.
Readjusting the chamber environment as needed
The CO2 peak at approx. 2341 cm-1 and the peaks caused by water (around the range of 1500 1700 cm-1) in the first scan are assessed. In most cases they are undersubtracted. Once the pellet
and barrel are in the FTIR chamber, a series of scans of the sample are collected, seconds apart, in
order to capture the moment when the CO2 and H2O peaks have reduced leaving just the sample
peaks. This process is sped up by the continuous nitrogen purging. If the peaks have
oversubtracted, then gently blowing into the sample chamber reintroduces both CO2 and H2O. The
series of scans can then be retaken. To adjust an undersubtraction of water and CO2, the chamber
is left closed and a few seconds later the scans retaken. The nitrogen purge helps to remove the
CO2 and readjust the undersubtraction faster. These techniques allowed for the capture of some of
the smoothest FTIR scans for the samples.
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8. Appendix II: Supplementary FTIR Data and Results
A.2.1 Full FTIR Spectrums of Bacteria-Soil/clay Aggregates
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Figure 29: Full FTIR spectrum of an Inceptisol inoculated with Pseudomonas syringae.
Samples prepared using the General FTIR Technique
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Figure 30: Full FTIR spectrum of an Inceptisol inoculated with Streptomyces griseosporeus.
Samples prepared using the General FTIR Technique.
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Figure 31: Full FTIR spectrum of an Oxisol inoculated with Pseudomonas syringae.
Samples prepared using the General FTIR Technique.
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Figure 32: Full FTIR spectrum of an Oxisol inoculated with Streptomyces griseosporeus.
Samples prepared using the General FTIR Technique.
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Figure 33: Full FTIR spectrum of an Oxisol inoculated with Streptomyces griseosporeus
Samples prepared using the Refined FTIR Technique
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Figure 34: Full FTIR spectrum of Ca-Montmorillonite inoculated with Pseudomonas syringae.
Samples prepared using the General FTIR Technique
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A.2.2 Background and Other Additional FTIR Plots.
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Figure 35: Background spectra subtracted for all FTIR sample spectra
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Figure 36: Exhalation into FTIR Instrument reveals locations of atmospheric water vapor peaks
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A.2.3 FTIR Spectrum Peak Assignments
The wavenumbers associated with peaks and peak ranges in the five FTIR spectrums were
recorded in Table 9.3 to help identify patterns of activity in the bacteria-soil/clay aggregates.
Table 9: FTIR peak ranges and minimums assignments for the bacteria-soil/clay aggregates
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Band Range
-1

Min peak

(cm )

(cm-1)

1435 -1483,

1456, 1454

Sample Observed in:

Notes

Ca-MMT-P.Syringae (72, 96)

Small increase in intensity. Slight

1439 - 1483

shoulder within peak

1443 – 1471

1456

Inceptisol-P.Syringae

Small increase in intensity

1444 – 1473

1456

Inceptisol-S.griseosporeus

Small increase in intensity

1452 – 1477

1457

Oxisol-S.griseosporeus

Similar to control

1443 – 1473

1456

Oxisol-P.Syringae

Small increase in intensity

1483 – 1592,

1539, 1537

Ca-MMT-P.Syringae (72, 96)

New, well pronounced peak

1486 – 1592

1540

Inceptisol-P.Syringae

New, well pronounced peak

1487 – 1590

1555

Inceptisol-S.griseosporeus

New, well pronounced peak

1484 - 1589

1486 - 1793

1564-1557,
1561-1557

Barely there. Peak is broad and
Oxisol-S.griseosporeus

shallow. No discernable minimum
point. Flattened ranges listed.

1486 – 1592

1540

Oxisol-P.Syringae

New, well pronounced peak

1592 – 1773,

1647, 1647

Ca-MMT-P.Syringae (72, 96)

‘Peak shift’ from 1637/39 cm-1

1591 - 1789
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1591 – 1760

1656

Inceptisol-P.Syringae

‘Peak shift’ from 1632 cm-1

1594 – 1750

1656

Inceptisol-S.griseosporeus

‘Peak shift’ from 1632 cm-1
‘Peak shift’ from 1651 cm-1, double

1486 - 1793

1654

peak noted in control. Second peak at
Oxisol-S.griseosporeus

1641 cm-1 loses intensity in 72 hr
biomass sample.
‘Peak shift’ from 1645 cm-1, double

1592 - 1761

1650

Oxisol-P.Syringae

peak noted in control. Second peak at
1631 cm-1 loses intensity in 72 hr
biomass sample.

2840 - 2873

2853, 2856

2897 - 2950

2925, 2926

2950 - 3001

2955, 2955

2845 - 2871

2854

2894 - 2950

2925

2953 - 2989

2959

2841 - 2870

2855

2882 - 2941

2926

2953 - 2986

2961

2838 - 2885

2853

2892 - 2943

2924

2957 - 2992

2959

2840 - 2972

2854

2891 - 2949

2928

2949 - 2992

2961

Ca-MMT-P.Syringae (72, 96)

Increase in intensities

Inceptisol-P.Syringae

Similar to control

Inceptisol-S.griseosporeus

Similar to control

Oxisol-S.griseosporeus

Similar to control

Oxisol-P.Syringae

Similar to control
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x

x

Ca-MMT-P.Syringae (72, 96)

Peak not observed

x

x

Inceptisol-P.Syringae

Peak not observed

x

x

Inceptisol-S.griseosporeus

Peak not observed
Broad band becomes more prominent

2989-3312

2989 - 3312

Oxisol-S.griseosporeus

in 72 hour biomass sample, 2987-3302
cm-1 in control

x

x

Oxisol-P.Syringae

Very slight shoulder observed in band
3000 – 3583 cm-1

3018 – 3612

3419, 3416

Ca-MMT-P.Syringae (72, 96)

3433 (approx.)

Inceptisol-P.Syringae

3022 - 3598
3000 - 3592

Broadening of the broad peak – 3424
cm-1 min point in control

Peak is broadened, almost flat lines at
min point

3000 - 3586

3448 (approx.)

Inceptisol-S.griseosporeus

Peak is broadened, almost flat lines at
min point

3312 - 3585

3432

Oxisol-S.griseosporeus

Similar to control

3000 - 3583

3431

Oxisol-P.Syringae

Similar to control

x

x

x

x

Ca-MMT-P.Syringae (72, 96)

Peak not observed
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3609 – 3638

3619

3684 - 3735

3696

3610 – 3636

3619

3683 - 3734

3696

3605 - 3638

3621

3682 - 3736

3697

3608 – 3634

3620

3680 - 3735

3696

3610 – 3720,

Inceptisol-P.Syringae

Similar to control

Inceptisol-S.griseosporeus

Similar to control

Oxisol-S.griseosporeus

Similar to control

Oxisol-P.Syringae

Similar to control

3629, 3627

Ca-MMT-P.Syringae (72, 96)

Loss of peak intensity – 3627 cm-1

x

x

Inceptisol-P.Syringae

Peak not observed

x

x

Inceptisol-S.griseosporeus

Peak not observed

x

x

Oxisol-S.griseosporeus

Peak not observed

x

x

Oxisol-P.Syringae

Peak not observed

1047, 1066

Ca-MMT-P.Syringae (72, 96)

Similar to control, too much sample in

3607 - 3712

948 – 1213,
946 – 1364

1022 - 1075

pellet

1031

Inceptisol-P.Syringae

Similar to control
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1022 - 1075

1031

Inceptisol-S.griseosporeus

Similar to control

1021 - 1075

1034

Oxisol-S.griseosporeus

1022 - 1076

1036

Oxisol-P.Syringae

Similar to control

x

x

Ca-MMT-P.Syringae (72, 96)

Peak not observed

1070 - 1163

1090

Inceptisol-P.Syringae

Similar to control

1076 - 1162

1096

Inceptisol-S.griseosporeus

Similar to control

1074 - 1220

1092

Oxisol-S.griseosporeus

1080 - 1215

1089

Oxisol-P.Syringae

Increases in intensity in 72 hr biomass
sample, could be a sample prep issue.

Broadens in 72 hr biomass sample.
Shoulder at 1155 cm-1

Broadens in 72 hr biomass sample.
Shoulder at 1157 cm-1
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9. Appendix III: Peña et al. in Prep Supplemental Information and Results
A.3.1 Sampling Sites

Figure 37: Sampling locations for natural Inceptisol and Oxisol soils obtained by Peña et al.
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Figure 38: Soil orders distribution in Puerto Rico
Photo source: USDA.gov

Table 10. Sampling Details for the Puerto Rico Samples
Soil Type
Oxisol

Soil Unit
Zarzal Cristal
complex

Site
TABOX12

Latitude
18.3162

Longitude
-65.7453

Forest Type
Tabonuco

Features
Very fine, kaolinitic
isohyperthermic; 65% clay;
depth: 5-91 cm

Inceptisol

LuquilloEl Verde
complex

LuquilloB

18.32162

-65.73124

Tabonuco

Dystric Eutrudepts; 45-50%
clay; depth: 15-46 cm; 2C
starts at 46 cm depth
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A.3.2 Characterization of Soil Samples

Figure 39: Soil types Inceptisol and Oxisol soils collected by Peña et al., at samplings sites in Puerto Rico,
compared with soil specimens recognized by the United States Department of Agriculture
Photo source: USDA soil taxonomy

Legend:
Q = Quartz
S = Smectite
V = Vermiculite
C = Chlorite
Gi = Gibbsite
Go = Goethite
I = Illite
K = Kaolinite

Figure 40: Composition of Inceptisol and Oxisol soils as detected by X-ray diffraction performed by Peña et al in
prep.
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